Shewanella oneidensis is unable to metabolize the sugar xylose as a carbon and energy source. In the present study, an otherwise silent xylose catabolic pathway was activated in S. oneidensis by following an adaptive evolution strategy. Genome-wide scans indicated that the S. oneidensis genome encoded two proteins similar to the xylose oxido-reductase pathway enzymes xylose reductase (SO_0900) and xylulokinase (SO_4230), and purified SO_0900 and SO_4230 displayed xylose reductase and xylulokinase activities, respectively. The S. oneidensis genome was missing, however, an Escherichia coli XylE-like xylose transporter. After 12 monthly transfers in minimal growth medium containing successively higher xylose concentrations, an S. oneidensis mutant (termed strain XM1) was isolated for the acquired ability to grow aerobically on xylose as a carbon and energy source. Wholegenome sequencing indicated that strain XM1 contained a mutation in an unknown membrane protein (SO_1396) resulting in a glutamine-to-histidine conversion at amino acid position 207. Homology modeling demonstrated that the Q207H mutation in SO_1396 was located at the homologous xylose docking site in XylE. The expansion of the S. oneidensis metabolic repertoire to xylose expands the electron donors whose oxidation may be coupled to the myriad of terminal electron-accepting processes catalyzed by S. oneidensis. Since xylose is a lignocellulose degradation product, this study expands the potential substrates to include lignocellulosic biomass.
X
ylose is one of the primary products of lignocellulose degradation and, after glucose, is the second most abundant carbohydrate in nature. The xylose polymer xylan is the primary constituent of hemicellulose, which comprises approximately 17% of the dry weight of hardwoods and up to 31% of plants (1) . Xylose catabolism is a key component of sustainable processes that produce useful secondary products from lignocellulosic biomass (2) (3) (4) . Xylose catabolism is also of commercial interest because xylose conversion to useful secondary chemicals such as bioethanol and biodegradable plastics can reduce losses associated with lignocellulose bioprocessing (5, 6) . Industrially important by-products of xylose metabolism include xylitol, which is used as a natural sweetener in the food and confectionary industries (7) .
Xylose metabolic pathways include the oxido-reductase, isomerase, and Weimberg-Dahms pathways ( Fig. 1) (1, 8) . Extracellular xylose is transported inside the cell via the ATP-binding cassette (ABC) and major facilitator superfamily (MFS) xylose transporters XylFGH and XylE, respectively (9, 10) . In the oxidoreductase pathway of Pichia stipitis (11), NAD(P)H-dependent D-xylose (referred to below as xylose) reductase converts intracellular xylose to xylitol, which is then oxidized to xylulose by D-xylitol dehydrogenase. Xylulose is then phosphorylated by xylulokinase to xylulose 5-phosphate, which enters the pentose phosphate pathway. In the xylose isomerase pathway of Escherichia coli (11) , xylose isomerase converts xylose to xylulose, which enters the pentose phosphate pathway, similar to the oxidoreductase pathway (1, 12) . In the Weimberg-Dahms pathway of Caulobacter crescentus, xylose dehydrogenase catalyzes the conversion of xylose to xylonolactone, which is then converted either to ␣-ketoglutaric semialdehyde via the Weimberg pathway or to glucoaldehyde and pyruvate via the Dahms pathway (8) .
The metal-reducing facultative anaerobe Shewanella oneidensis displays a variety of diverse metabolic systems that couple the oxidation of a wide variety of electron donors (13) to the reduction of a set of electron acceptors whose redox potentials span nearly the entire continuum of potentials encountered in nature (14) . Recently, the list of electron donors has been expanded to include glucose and glycerol through adaptive evolution and metabolic engineering (15) (16) (17) . Genes encoding canonical xylose metabolic pathways, however, are missing from the S. oneidensis genome (18) .
In the present study, an adaptive evolution approach was followed to generate S. oneidensis mutants that metabolize xylose as the sole carbon and energy source. In adaptive evolution, mutations occur accidentally and a subset of the cell population acquires a mutation that facilitates growth under a new set of environmental conditions (19) . Mutator cells include "growth advantage in stationary phase" (GASP) mutants in which genetic alterations in small cell populations display a higher competitive advantage over weaker cells (20) . Adaptive evolution is a useful strategy for strain improvement in metabolic engineering (21) (22) (23) since a priori knowledge of the targeted metabolic process is not required (6) . The remarkable metabolic flexibility displayed by S. oneidensis (24) led us to hypothesize that under selective growth conditions S. oneidensis mutator cells may acquire xylose metabolic capability.
The main objectives of the present study were to (i) adaptively evolve S. oneidensis to metabolize xylose as a carbon and energy source, (ii) identify the genes mutated in the adaptively evolved xylose catabolic pathway of S. oneidensis, (iii) identify and clone genes putatively encoding the xylose catabolic pathway, (iv) purify the corresponding proteins and determine their specific enzyme activities, and (v) determine the ability of the xylose-adapted strain to grow aerobically and anaerobically with xylose as the sole electron donor.
MATERIALS AND METHODS
Bacterial strains and growth conditions. Bacterial strains and plasmids used in this study are listed in Table 1 . S. oneidensis and E. coli were routinely cultured aerobically on LB medium (10 g/liter of tryptone, 5 g/liter of yeast extract, and 10 g/liter of NaCl) at 30°C and 37°C, respectively (25) . When required for selection, chloramphenicol (25 g ml Ϫ1 ), ampicillin (100 g ml Ϫ1 ), and gentamicin (15 g ml Ϫ1 ) were added to basal growth medium. Fe(III) citrate was prepared by previously described procedures (26, 27 ) and added at a final concentration of 10 mM. All chemical reagents were obtained from Sigma-Aldrich.
Adaptive evolution of S. oneidensis to metabolize xylose as the sole carbon and energy source. Wild-type (WT) S. oneidensis cells were initially grown in SM minimal medium for 48 h with 18 mM lactate as the sole carbon and energy source (see Table S1 in the supplemental material) (28) . The cell culture was subsequently serially transferred each month over a 12-month period to fresh SM medium with increasing ratios of xylose to lactate ( Table 2 ). The final mutant mix was plated on LB agar, and single colonies were screened for xylose utilization via the dinitrosalicylic acid (DNS) assay (29) , which facilitates visual detection of reducing sugars. After 12 months, xylose-adapted S. oneidensis strain XM1 was isolated and grew aerobically with 65 mM xylose as the sole carbon and energy source. To facilitate identification of the xylose metabolic pathway in S. oneidensis strain XM1, the genome was sequenced with 300ϫ coverage on an Illumina sequencing platform, assembled and analyzed with the CLC Workbench software (CLC BioQiagen, Aarhus, Denmark) together with the NCBI database (30) and modeling software I-TASSER (31) .
Overall respiratory activity of xylose-adapted S. oneidensis XM1. The S. oneidensis wild type and the xylose-adapted mutant strainXM1 were tested for aerobic and anaerobic growth with 5 mM xylose, glucose, arabinose, galactose, lactose, sucrose, cellobiose, fructose, maltose, mannose, mannitol, trehalose, xylitol, or gluconate as the electron donor and either O 2 , 5 mM nitrate (NO 3 Ϫ ), 10 mM fumarate, or 10 mM Fe(III) citrate as the terminal electron acceptor. The cell cultures were incubated at 30°C for 68 h, and samples were withdrawn periodically for determination of cell density (optical density at 600 nm [OD 600 ]), nitrite, and Fe(II) concentrations.
Cloning and expression of S. oneidensis xylose-metabolizing genes in E. coli. The primers used for cloning genes SO_0900, SO_4673, SO_4230, and SO_2452 are listed in Table 3 . These primers were used to PCR amplify the full-length genes from the S. oneidensis genome. The amplified genes were ligated into plasmid pQE80L (containing a His tag at the N terminus to facilitate protein purification) and transformed into E. coli JM109. The resulting recombinant strains were cultured in LB medium with 100 g ml Ϫ1 of ampicillin at 37°C and induced with 1 mM isopropyl-␤-D-thiogalactopyranoside (IPTG) at 25°C for 24 h for expression of SO_0900, SO_4673, SO_4230, and SO_2452.
Preparation of cell-free extract and protein purification. E. coli cells were prepared according to previously described procedures (32) . Following protein expression in the presence of 1 mM IPTG, E. coli recombinant strains were harvested by centrifugation at 5,000 ϫ g at 4°C for 30 min. Cells were washed once with extraction buffer (10 mM Tris-HCl at pH 7.5). Washed cell pellets were stored at Ϫ20°C until use. Cell pellets were resuspended to an OD 600 of 50 in the equilibration buffer (50 mM Na 2 HPO 4 , 300 mM NaCl, and 10 mM imidazole at pH 8) and sonicated (8 cycles of 10 s with a 30-s cooling period). Cell debris was discarded after centrifugation at 16,000 ϫ g for 20 min at 4°C. Supernatant was used as the cell extract, and the Bradford assay was used for estimation of protein concentration in the extract.
His-tagged protein in the cell extract was purified at 4°C using a HISSelect HF nickel affinity gel (Sigma-Aldrich), which employs immobilized metal-ion affinity chromatography (IMAC) according to the manufacturer's small-scale purification protocol. Six-hundred-microliter aliquots of the cell extract were added to 150 l of affinity gel in equilibration buffer. After overnight incubation, the gel was washed five times with equilibration buffer. The bound His-tagged protein was then eluted using 100 l of elution buffer (50 mM Na 2 HPO 4 , 300 mM NaCl, and 250 mM imidazole at pH 8). Imidazole was removed by overnight dialysis at 4°C using extraction buffer as the dialysis solution. The purified protein product was used for SDS-PAGE analysis, determination of protein concentration, and activity assays.
Activity assays for protein expression. Xylose reductase activity was determined in McIlvaine buffer at pH 7.2 (prepared by adding 16.5 ml of 0.2 M Na 2 HPO 4 to 3.5 ml of 0.1 M citric acid) containing 0.35 mM NADPH and 200 mM xylose and purified protein SO_0900 (32) . For measuring the catalytic activity of xylose reductase on xylose, K m and V max were determined by varying the xylose concentrations (0.01 to 0.25 M) under constant concentrations of NADPH (0.35 mM) and purified protein (10 l) in the assay mixture and fitting the data to the Lineweaver-
where V is the reaction rate and S is the substrate concentration. The extinction coefficient (ε) for NADPH at 340 nm is 6.22 ϫ 10 Ϫ3 M Ϫ1 cm Ϫ1 . One unit of xylose reductase activity is the amount of enzyme which converts 1 mol of NADPH to NADP ϩ per min. Xylulokinase was assayed by previously described methods (33) . Reactions were carried out at 30°C and pH 7.5 in 96-well microtiter plates in a final volume of 200 l. The reaction mixture consisted of the following (final concentrations indicated): 71 mM Tris-HCl (pH 7.5), 7.1 mM MgCl 2 , 1 mM EDTA, 50 mM KCl, 7.1 mM KF, 5 mM KCN, 1.4 mM ATP, 1 mM phosphoenolpyruvate (PEP), 0.3 mM NADH, 0.7 U ml Ϫ1 of pyruvate kinase, 1 U ml Ϫ1 of lactate dehydrogenase, and 5 mM xylulose. NADH consumption was monitored continuously at 340 nm for 10 min. One unit of xylulokinase activity is the amount of enzyme that converts 1 mol of NADH to NAD ϩ per min. For measuring the catalytic activity of xylulokinase on xylulose, K m and V max were determined by varying the xylulose concentrations (1 to 20 mM) under constant concentrations of NADH (0.3 mM) and purified protein (10 l) in the assay mixture. Xylitol dehydrogenase (XDH) was assayed by a previously described method (34) ; the reaction mixture consisted of (final concentrations indicated) 77 mM glycine, 6.3 mM NAD ϩ , 1 mM 2-mercaptoethanol, and 200 mM xylitol. The consumption of NADH was monitored continuously at 340 nm for 10 min. One unit of xylitol dehydrogenase activity is the amount of enzyme that converts 1 mol of NAD ϩ to NADH per min. For measuring the catalytic activity of xylitol dehydrogenase on xylitol, K m and V max were determined by varying the xylitol concentrations (1 to 200 mM) under constant concentrations of NAD ϩ (6.3 mM) and purified protein (10 l) in the assay mixture. In-frame deletion mutagenesis of S. oneidensis genes SO_1396 Q207H , SO_0900, and SO_4230. Genes encoding SO_1396 Q207H , SO_0900, and SO_4230 were deleted in frame from the XM1 genome as described previously (35) . Regions corresponding to ϳ750 bp upstream and downstream of each open reading frame (ORF) were PCR amplified with iProof ultrahighfidelity polymerase (Bio-Rad, Hercules, CA), generating fragments F1 and F2, which were fused by overlap extension PCR to generate fragment F3. The primers used for construction of ⌬SO1396
Q207H
, ⌬SO0900, and ⌬SO4230 strains are listed in Table 3 . Fragment F3 was cloned into pKO2.0 with BamHI and SalI restriction endonucleases and electroporated into E. coli strain ␤2155 pir. pKO2.0-F3 was mobilized into recipient wild-type S. oneidensis via biparental mating procedures. A plasmid integrant was identified via PCR analysis, and the mutation was resolved on LB agar containing sucrose (10%). Following counterselection on LB agar containing sucrose (10% [wt/vol]), the corresponding in-frame deletion mutant strains (designated XM1-⌬SO1396 Q207H , XM1-⌬SO0900, and XM1-⌬SO4230, respectively) were isolated and confirmed via PCR and sequencing of the DNA fragments. The S. oneidensis wild type, XM1, and the ⌬SO1396 Q207H , ⌬SO0900, and ⌬SO4230 mutants were tested for aerobic growth with 5 mM xylose as the electron donor and O 2 as the terminal electron acceptor. The cells were incubated at 30°C for 144 h, and samples were withdrawn periodically for determination of cell density (OD 600 ).
Homology modeling and amino acid sequence analysis of SO_1396 Q207H . The secondary structure of SO_1396 Q207H was predicted using the I-TASSER server, and a model structure was constructed based 
TCCATCGTCGAC ATCTATCACTCGTTTAGGGTTAACACT a Underline indicates restriction enzyme cutting site.
on secondary structure similarity to known protein structures in the protein database. The membrane domain of the respiratory complex I from E. coli (PDB code: 3RKO, chain C [3rkoC]) was used as the template to construct SO_1396 Q207H models based on the best Z-scores with known protein structures by I-TASSER (31) . SO_1396 homologs in the NCBI databases were identified via BLAST analysis using SO_1396 of wild-type S. oniedensis as the search query. Multiple alignments of wildtype SO_1396 homologs were generated with ClustalW (http://www.ebi .ac.uk/Tools/clustalw2/index.html) (36) .
Cloning and expression of SO_1396 Q207H in S. oneidensis. The primers used for cloning SO_1396 Q207H on pBBR1MCS are listed in Table 3 . The cloned plasmid was transformed into strain XM1-⌬SO1396 Q207H . The resulting recombinant strain was cultured in LB medium with 25 g ml Ϫ1 of chloramphenicol. Strain XM1-⌬SO1396 Q207H pBBR1MCS ϩ SO_1396 Q207H was tested for aerobic growth with 5 mM xylose as the electron donor 30°C for 144 h, and samples were withdrawn periodically for determination of cell density (OD 600 ).
Analytical methods. The concentration of reducing ends of the supernatant was determined by the dinitrosalicylic acid (DNS) assay (29) . One hundred microliters of the supernatant was added to 900 l of DNS solution prepared by dissolving in water a mixture of 0.75% 3,5-dinitrosalicylic acid, 1.4% sodium hydroxide, 21.6% potassium sodium tartrate, 0.55% phenol, and 0.55% sodium metabisulfate. The mixture was then boiled for 5 min and centrifuged at 15,000 ϫ g for 5 min, and the absorbance of the supernatant was measured at 545 nm. Reducing sugar concentrations were calculated using glucose as a standard.
Xylose concentrations were measured via high-pressure liquid chromatography (HPLC) by following a modified version of a previously described protocol (37) . Three hundred microliters of xylose solution was mixed with 100 l of 1.4 M sodium cyanoborohydride solution in water, 700 l of a methanolic solution of 0.6 M aminobenzoic butyl ester (ABBE), and 100 l of 10% acetic acid. The solution was heated at 80°C for 60 min and then extracted three times with 0.5 ml of dichloromethane prior to injection directly into the HPLC system equipped with a SUPEL-COSIL LC-18-DB column. The mobile phase was comprised of 0.1 M ammonium acetate, pH 4.5 (solvent A), and acetonitrile (solvent B). Separation was carried out with a mixture of mobile phase A-acetonitrile (75:25 [vol/vol]) at a flow rate of 0.5 ml/min. Chromatograms were generated at 260 nm, and a calibration curve was generated from a standard. Nitrite (NO 2 Ϫ ) concentrations were measured by diluting samples 250-fold in a solution consisting of 9.6 mM sulfanilic acid, 96 mM potassium bisulfate, and 3.2 mM N,N-ethylenediamine (38) . Samples were held in the dark for 15 min prior to measuring absorbance at 510 nm.
Protein concentrations were measured by the Bradford assay using a protein reagent dye (Bio-Rad, Hercules, CA) with bovine serine albumin as the standard. SDS-PAGE was performed using a Mini-protean TGX electrophoresis kit (Bio-Rad) and stained with Bio-safe Coomassie blue (Bio-Rad). A 100-kDa Precision Plus Protein standard ladder was used as a standard mass protein marker. Cell density (OD 600 ) was measured on a UV-visible light spectrophotometer (Beckman Coulter, CA).
RESULTS

Isolation of xylose-adapted S. oneidensis strain XM1.
Wild-type S. oneidensis is unable to grow with xylose as the carbon and energy source. The wild-type strain was therefore subjected to an adaptive evolution strategy to generate S. oneidensis mutants with the acquired ability to metabolize xylose as the carbon and energy source. Wild-type S. oneidensis cells were initially grown in SM minimal growth medium with 18 mM lactate as the carbon and energy source and subsequently serially transferred over a 12-month period to SM medium amended with increasing ratios of xylose to lactate concentrations (Table 2) . S. oneidensis strain XM1 was isolated from the adaptively evolved mutant mix after the 12th successive transfer. Strain XM1 grew aerobically with 65 mM xylose as the sole carbon and energy source. However, strain XM1 was unable to grow aerobically on a variety of other sugars, including glucose, arabinose, galactose, lactose, sucrose, cellobiose, fructose, maltose, mannose, mannitol, trehalose, xylitol, and gluconate (data not shown). This finding suggests that strain XM1 may have developed a GASP phenotype specific to xylose. Similar findings were previously reported with S. oneidensis mutants adapted to grow in the presence of glucose as the carbon and energy source (15) .
Rates of xylose consumption by xylose-adapted S. oneidensis strain XM1. Strain XM1 was further tested for xylose consumption in SM minimal medium amended with 5 mM xylose as the carbon and energy source. Under aerobic conditions, strain XM1 grew at a rate of 0.063 h Ϫ1 (Fig. 2b) , while the wild-type strain grew at a rate of 0.003 h Ϫ1 (i.e., at 5% of the rate of strain XM1). Strain XM1 consumed xylose at a rate of 27 M h Ϫ1 , while the wild-type strain consumed xylose at a rate of 1.2 M h Ϫ1 (i.e., 5% of the rate of strain XM1) (Fig. 2b) . Strain XM1 was also able to utilize lactate as the sole carbon source at a rate similar to that of the wild-type strain, thus indicating that lactate metabolism was not altered during the adaptation process (data not shown). The anaerobic respiratory capabilities of the S. oneidensis wild type and strain XM1 were also determined under anaerobic conditions with xylose as the electron donor and NO 3 Ϫ , fumarate, or Fe(III) as the electron acceptor.
With NO 3 Ϫ as the electron acceptor, strain XM1 grew at the rate of 0.027 h Ϫ1 (see Fig. S4b in the supplemental material), while the wild-type strain grew at a much lower rate, 0.002 h Ϫ1 (i.e., 7% of the rate of strain XM1). Strain XM1 consumed xylose at a rate of 6.32 M h Ϫ1 , while the wild-type strain consumed xylose at 1.9 M h Ϫ1 (i.e., at 30% of the rate of strain XM1) (see Fig. S4b ). Strain XM1 produced nitrite (product of microbially catalyzed nitrate reduction) at the rate of 38.2 M h Ϫ1 (see Fig. S4c ), while the wild-type strain produced nitrite at a much lower rate, 1.5 M h Ϫ1 (i.e., at 4% of the rate of strain XM1). With fumarate as the electron acceptor, strain XM1 grew at the rate of 0.034 h Ϫ1 (see Fig. S4a ), while the wild-type strain grew at a rate of 0.002 h Ϫ1 (i.e., at 6% of the rate of strain XM1). Strain XM1 consumed xylose at a rate of 10.6 M h Ϫ1 , while the wild-type strain consumed xylose at 0.73 M h Ϫ1 (i.e., at 7% of the rate of strain XM1) (see Fig. S4a ). With Fe(III) as the electron acceptor, strain XM1 produced Fe(II) [product of microbially catalyzed Fe(III) reduction] at the rate of 20.9 M h Ϫ1 ) (see Fig. S4d ), while the wild-type strain produced Fe(II) at a much lower rate, 3.0 M h Ϫ1 (i.e., at 14% of the rate of strain XM1). During the 68-h growth period, strain XM1 consumed xylose at a rate of 6.8 M h Ϫ1 , while the wild-type strain consumed xylose at 2.2 M h Ϫ1 (i.e., at 32% of the rate of strain XM1) (see Fig. S4d ). These results indicate that strain XM1 consumed xylose under aerobic and anaerobic nitrate-, fumarate-, and Fe(III)-reducing conditions.
Identification of the xylose transporter in S. oneidensis. The single nucleotide mutation that enabled strain XM1 to grow on xylose as the carbon and energy source was identified by wholegenome sequencing. A single nucleotide mutation was identified in SO_1396 that converted glutamine (Q) to histidine (H) at amino acid position 207. Mutations were not found elsewhere in the SO_1396 gene or in other genes in strain XM1. SO_1396 is annotated as a membrane protein of unknown function (30) . To investigate the function of SO_1396 Q207H in strain XM1, in-frame gene deletion mutant XM1-⌬SO1396 Q207H was tested for the ability to metabolize xylose as the sole carbon and energy source under aerobic conditions. Strain XM1 grew at the rate of 0.035 h Ϫ1 , while strain XM1-⌬SO1396 Q207H was unable to grow in the presence of xylose as the sole carbon and energy source (Fig. 2a) . Expression of SO_1396 Q207H on plasmid pBBR1MCS in the XM1-⌬SO1396 Q207H strain rescued the growth on xylose by approximately 84% (with a growth rate of 0.029 h Ϫ1 [ Fig. 2a]) . These results suggest that the mutant membrane protein SO_1396 Q207H functions as a xylose transporter. Homology modeling of SO_1396 Q207H (Fig. 3a) predicted that the secondary structure of SO_1396 Q207H is partly outward occluded, with a top width of 62 Å and a bottom width of 53 Å. Only minor secondary-structure changes were observed in overlapping structures of SO_1396 Q207 and SO_1396 Q207H (Fig. 3b and c) . Identification of genes encoding the xylose metabolic pathway of strain XM1. Strain XM1 containing mutated membrane protein SO_1396
Q207H consumed xylose as the carbon and energy source under both aerobic and anaerobic conditions. To identify the genes encoding the xylose metabolic pathway, proteins similar to known xylose metabolic proteins in other organisms were identified in the XM1 genome sequence via BLAST sequence analysis (30) . Xylose isomerase and all proteins involved in the WeimbergDahms pathway were absent from the strain XM1 genome (data not shown). For the oxidoreductase pathway, the aldo/keto reductase SO_0900 in the strain XM1 genome displayed significant identity to known xylose reductases in E. coli (31% identical to ECs0473) and Z. mobilis (32% identical to ZMO0976) (see Table S2 in the supplemental material) (32). SO_0900 was therefore hypothesized to function as the xylose reductase (XR) in strain XM1.
D-Xylitol dehydrogenase (XDH) is the next protein following xylose reductase in the oxidoreductase pathway. XDH is a member of the alcohol and threonine dehydrogenase protein superfamily, containing NAD(P) and catalytic zinc binding domains for conversion of xylitol to xylulose (39) . L-Threonine dehydrogenase SO_4673 displayed significant identity to xylitol dehydrogenase (20 to 28% [see Table S3 in the supplemental material]) and also contains NAD(P) and catalytic zinc binding domains (30) . Alcohol dehydrogenase SO_2452 displayed 21 to 22% identity to known D-xylitol dehydrogenases (see Table S4 ). In addition, S. halifaxis and S. pealeana metabolize xylitol and contain an alcohol dehydrogenase that functions as xylitol dehydrogenase (18) . SO_4673 and SO_2452 were therefore targeted as candidates for xylitol dehydrogenase in strain XM1.
Xylulokinase (XK) is the next protein following D-xylitol dehydrogenase in the oxidoreductase pathway. XK displayed significant identity (24 to 28% [see Table S5 in the supplemental material) to SO_4230, a glycerol kinase (GlpK). Based on secondary-structure alignment, E. coli GlpK is highly identical to xylulokinase in E. coli (40) . Since GlpK proteins from strain XM1 and E. coli display 72% identity (see Table S5 ), SO_4230 was predicted to function as the xylulokinase in strain XM1. The proteins following xylulokinase in the known xylose metabolic pathway are present in the XM1 genome (41) .
Purification and activity of xylose metabolic pathway proteins in strain XM1. Based on BLAST identities, strain XM1 proteins SO_0900, SO_4673, SO_2452, and SO_4230 were predicted to be involved in the xylose metabolic pathway. The corresponding genes were cloned into expression vector pQE80L and transformed into E. coli JM109. The enzymes were expressed as fusion proteins with a His tag at their N termini, and one-step affinity purification was based on the interaction of the N-terminal His tag and nickel affinity gel. The purified proteins SO_0900, SO_4673, SO_2452, and SO_4230 displayed the expected molecular masses of ϳ41, 41, 38, and 60 kDa on SDS-PAGE gels (see Fig. S1 and S2 in the supplemental material). Purified SO_0900 displayed XR specific activity of 2.93 U/mg, with a V max of 3.41 U/mg and K m of 93 mM, with 250 mM xylose as the substrate (Table 4) . Purified SO_4230 displayed XK specific activity of 0.2 U/mg, with a V max of 0.52 U/mg and K m of 1.7 mM, with 5 mM xylulose as the substrate (Table 4) . However, purified proteins SO_4673 and SO_2452 did not display XDH activity with various levels of xylitol (1 to 200 mM) as the substrate. These results indicate that SO_0900 and SO_4230 may function as the xylose reductase and xylulokinase, respectively. However, the identity of XDH in strain XM1 remains unknown. To confirm the role of SO_0900 and SO_4230 in the xylose metabolism in strain XM1, SO_0900 and SO_4230 were deleted in frame and the resulting single-gene-knockout mutants (strains XM1-⌬0900 and XM1-⌬4230) were tested for the ability to utilize xylose as the carbon and energy source under aerobic conditions. Strain XM1 grew at the rate of 0.035 h Ϫ1 , while strains XM1-⌬0900 and XM1-⌬4230 were unable to grow in the presence of xylose as the carbon and energy source (Fig. 2a) . These results suggest that SO_0900 and SO_4230 function as the xylose reductase and xylulokinase, respectively, in strain XM1.
DISCUSSION
The facultative anaerobe S. oneidensis respires a diverse spectrum of electron acceptors under both aerobic and anaerobic conditions (14, 42, 43) . S. oneidensis is employed to drive electricity production in microbial fuel cells and to produce the biofuels ethanol and isobutanol from substrates such as glycerol and glucose through metabolic engineering (16, 17, 44) . However, S. oneidensis displays a more limited range of electron donor utilization (13, 44) . Electron-rich carbon sources such as glucose and xylose are the primary products derived from the saccharification of lignocellulosic biomass (45) . Recently, S. oneidensis was adaptively evolved and metabolically engineered to metabolize glucose as the Q207H illustrating the residues predicted to aid in xylose binding and uptake.
carbon and energy source (15) (16) (17) . Although the complete glucose metabolic pathway has been identified in S. oneidensis, xylose metabolism remains elusive (18) . The present study is the first report to identify a previously unknown xylose catabolic pathway in S. oneidensis. Xylose catabolic pathways were not previously detected in the S. oneidensis genome (18) , and correspondingly, wild-type S. oneidensis was unable to consume xylose ( Fig. 2 ; see also Fig. S4 in the supplemental material). The newly isolated, xylose-adapted strain XM1, on the other hand, consumed xylose and grew under aerobic and anaerobic nitrate-, fumarate-, and Fe(III)-reducing conditions ( Fig. 2 ; see also Fig. S4 ). Whole-genome sequencing indicated that strain XM1 contained a mutation in unknown membrane protein SO_1396, resulting in a glutamine-to-histidine conversion at amino acid position 207. BLAST analysis indicated that SO_1396 homologs with unknown function (40 to 95% identity [see Table S7 ]) were present in the genomes of 14 other Shewanella species. None of the SO_1396 homologs contain histidine at position 207, thus indicating that the silent SO_1396 xylose transporter is not confined to only S. oneidensis MR-1 but is widespread throughout the Shewanella genus.
Only minor structural differences were noted between the predicted structures of SO_1396 wild-type and Q207H mutant forms ( Fig. 3b and c) . Histidine is weakly charged at circumneutral pH with the bulky (imidazole) R-group pK a of 6.0, while glutamine is polar and neutral at pH 7.0. Multiple-sequence alignment of SO_1396 homologs of 14 sequenced Shewanella genomes revealed that the most commonly found amino acid residues at position 207 of SO_1396 were glutamine, arginine, and lysine (all containing an amine group side chain [ Fig. 4 ; see also Fig. S6 in the supplemental material]). The amino acid distribution bracketing position 207 of SO_1396 across all Shewanella SO_1396 homologs is highly variable (Fig. 4; see also Fig. S6 ). The structural change caused by replacement of glutamine with the imidazole structure of histidine in SO_1396 Q207H is predicted to facilitate transport of xylose into strain XM1 by SO_1396 Q207H via interaction with predicted active-site residues. Similar point mutations alter substrate specificities in a variety of other sugar transporters (46) (47) (48) . The SO_1396 Q207H structure is predicted to contain 8 transmembrane domains (TM) (Fig. 3) , and the structure is outward occluded, with the top wider (62 Å) than the bottom (53 Å), which is similar to the dimensions of E. coli xylose transporter XylE (29% sequence identity [ Table 5 ]). The predicted structure of SO_1396 Q207H is based on the structure of E. coli respiratory complex I (PDB code: 3rkoC) (Fig. 3) . Xylose transport by XylE is coordinated through hydrogen bonding by glutamine and asparagine and interaction with several aromatic amino acid residues (tyrosine, tryptophan, and phenylalanine) (49) . Similar polar residues found in SO_1396 Q207H included Q202 (TM5), Q277 (TM6), Q290 (TM6), Q325 (TM7), and N278 (TM6), and aromatic residues included W187 (TM5), W312 (TM7), W345 (TM8), Y287 (TM6), Y314 (TM7), F188 (TM5), F284 (TM6), and F350 (TM8). These residues may play a similar role by aiding xylose binding and uptake by SO_1396 Q207H (Fig. 3d) . Strain XM1 is predicted to contain the xylose oxidoreductase pathway (Fig. 1) . Although the XM1 genome does not contain a putative xylose reductase, the aldo/keto reductase SO_0900 displayed significant identity to the E. coli and Z. mobilis xylose reductases (see Table S2 in the supplemental material) (32) . The kinetic parameters of XR activity of purified SO_0900 with xylose as the substrate were comparable to those of ZMO0976 from Z. mobilis (see Table S6 ). Moreover, deletion mutant XM1-⌬SO0900 was unable to metabolize xylose as the carbon and energy source, thus indicating that SO_0900 may function as a xylose reductase (Fig. 2a) . The secondary structure of E. coli GlpK is homologous to that of E. coli XK, and the kinetic and structural properties of E. coli XK are derived from E. coli GlpK (40) . Interestingly, XM1 GlpK (SO_4230) was also highly identical (72% [see Table S5 ]) to E. coli GlpK, and the secondary structure of the SO_4230 protein was highly homologous to that of E. coli XK (see Fig. S3 ). Moreover, residues Asp10 and Asp244 (required for XK catalytic activity in E. coli) of SO_4230 were homologous to Asp6 and Asp233 of E. coli XK, respectively (highlighted in green in Fig. S3 in the supplemental material) (40) . SO_4230 displayed XR activity with D-xylulose as the substrate; however, unlike for SO_0900, the kinetic parameters of SO_4230 differed from those of other known XKs (see Table S6 ). The specific activity and V max of known XKs were up to 100-fold higher than those of SO_4230. The K m of SO_4230 was 3-to 5-fold higher than that of known XKs (see Table S6 ). Deletion mutant strain XM1-⌬SO4230 was unable to metabolize xylose as the carbon and energy source, thus indicating that SO_4230 may function as a xylulokinase (Fig. 2a) .
Although SO_4673 and SO_2452 displayed significant identities to known XDH proteins (see Tables S3 and S4 ), purified forms of SO_4673 and SO_2452 did not display XDH activity with Dxylitol as the substrate (Table 4) . However, SO_4673 and SO_2452 displayed dehydrogenase activity with threonine and ethanol as the substrates, respectively (data not shown), thus confirming that the purified proteins were active. The current working model of the xylose catabolic pathway in strain XM1 includes putative xylose transporter SO_1396 Q207H , xylose reductase SO_0900, and xylulose reductase SO_4230 identified in the present study (see Fig. S5 ). The identity of S. oneidensis XDH, however, remains unknown.
An otherwise silent xylose catabolic pathway was activated in S. oneidensis by application of an adaptive evolution strategy. The expansion of S. oneidensis to metabolize the lignocellulose component xylose is an example of how accidental mutations allow microorganisms to adaptively evolve. The expansion of the S. oneidensis metabolic repertoire to xylose expands the electron donors whose oxidation may be coupled to the myriad of terminal electron-accepting processes catalyzed by S. oneidensis. Since xylose is a lignocellulose degradation product, this study expands the potential substrates to include lignocellulosic biomass. Metabolism of multiple carbon sources, such as glucose, glycerol, and xylose, by S. oneidensis has the potential to improve the efficiency of electricity generation, biofuel production, and bioremediation of toxic contaminants (16, 17, 50) . 
